Abstract-A high-performance 55 kW (peak) fractional-slot concentrated winding (FSCW) surface permanent magnet (SPM) machine has been designed to meet demanding performance requirements based on the FreedomCar advanced traction motor requirements prepared by the US Department of Energy. This paper describes key steps in the design, analysis, fabrication, and testing of this machine. Design challenges arising from the high-speed, high-efficiency requirements are presented followed by a discussion of design features that have been introduced to address them. A prototype version of the machine has been fabricated using a segmented stator configuration and segmented neodymium-iron rotor magnets. Test results gathered to date demonstrate promising torque production and efficiency characteristics that are consistent with the machine performance predictions.
I. INTRODUCTION
Surface permanent magnet (SPM) machine have generally not been considered to be ideal candidates for applications requiring extended flux weakening speed ranges. More recently, it has been demonstrated that the application of fractional-slot concentrated windings (FSCW) to SPM machines [1] makes it possible to achieve high constantpower speed ratio (CPSR) values. The introduction of these windings makes it possible to boost both the slot copper fill factor as well as the phase inductance necessary for enhanced flux weakening. The choice of an appropriate slot/pole/phase (spp) configuration plays a key role in achieving the desired combination of favorable characteristic current value, high winding factor, and low torque ripple in these machines.
The opportunities for high power density and wide speed ranges of constant-power operation give FSCW-SPM machines some appealing characteristic for electric traction applications. However, one of the recognized challenges for this type of machine is the achievement of high efficiency, particularly at high operating speeds of 10,000 r/min or higher. Concentrated windings are known to generate spatial MMF and magnetic field distributions in the airgap with rich harmonic content. The spectrum includes both harmonics and sub-harmonics of the synchronous MMF component that is responsible for developing the useful torque. The presence of these harmonic magnetic field components generates eddy current losses in the stator and rotor iron, as well as in the magnets. These eddy current losses scale as the square of each harmonic frequency, causing them to be aggravated by the impact of high pole numbers and the high excitation frequencies that are typical of FSCW-SPM machines during high-speed operation. In some cases the frequencies are sufficiently high that ac proximity losses in the stator windings become a serious design issue. This paper presents the design details for a highperformance FSCW-SPM machine that has been developed to address the challenging performance metrics imposed by the FreedomCar advanced traction motor specifications prepared by the US Department of Energy [2] . The nominal power ratings of this machine are 55 kW (peak) and 30 kW (continuous) when operating from a 300 Vdc source. Much of the discussion is focused on efforts to meet the demanding efficiency specifications that are dominated by partial-load operation at speeds up to 14,000 r/min. Losses in the copper, iron, and magnets are investigated under a variety of operating conditions, with a focus on high-speed operation where ac proximity losses in the stator windings and eddy current losses in the rotor magnets take on special significance. A combination of closed-form and finite element (FE) analysis techniques is utilized to predict the loss components in the machine.
A prototype FSCW-SPM machine with 12 stator slots and 10 poles has been built using a segmented stator structure for the three-phase double-layer concentrated windings. Fabrication details are presented along with a combination of predicted and measured performance characteristics. Although the testing has not been completed at the time of this writing, the available results highlight both the advantages and limitations of FSCW-SPM machines in this demanding traction application.
II. MACHINE DESIGN

A. Machine Specifications
The design of the FSCW-SPM machine is based on the FreedomCar advanced traction motor specifications that are summarized in Table I . The specifications call for a highpower-density machine that can deliver its peak required power of 55 kW at an operating speed of 2800 r/min with phase currents less than 400 Arms. The machine is required to deliver 30 kW constant power over a 5:1 speed range extending from 2800 to 14,000 r/min. The maximum envelope of continuous output power and torque vs. speed drawn from these requirements is shown in Fig. 1 . The constraint on the maximum back-emf voltage of 600 V(pk) line-to-line at the top speed of 14,000 r/min is difficult to meet in the absence of magnetic saliency. Soong [3] explores the special challenges associated with designing an SPM machine to meet the FreedomCar power density requirements while simultaneously satisfying the maximum current and maximum back-emf constraints. As a result, the maximum back-emf constraint was relaxed to 800 V (pk) line-to-line for this machine design exercise.
B. Machine Design Development
Based on the FSCW-SPM machine models developed by EL-Refaie [1] and Zhu [4] , closed-form analysis has been used in the machine design process. The models determine the back-emf and torque performance of the machine under unsaturated conditions. Iterations with FE analysis are conducted to incorporate the effects of magnetic saturation that are particularly important during peak power operation.
The structure of the resulting machine is shown in Fig 2 . The key machine dimensions and parameters are provided in Table II and the predicted performance metrics are summarized in Table III . The predicted torque and power vs. speed envelopes for the machine meet the Fig. 1 requirements. Please note that a comparison of the power density values in Tables I and III is complicated by the fact that the specifications in Table I are for the total machine including the frame, while the values for the designed machine are for the active material alone.
While there is no simple conversion between the two, it is expected that the designed machine combined with a well-designed frame would be able to meet the volumetric power density specification while falling 10 to 20% short of the mass power density target.
III. MACHINE LOSS ANALYSIS AND REDUCTION
A. Overview
One of the most challenging requirements for the machine is the efficiency requirement under partial-load conditions. As noted in Table I , the machine is expected to deliver an efficiency of at least 95% at 20% rated torque (20.6 Nm based on 30 kW cont. at 2800 r/min) at speeds up to 14,000 r/min. This efficiency requirement is most difficult to meet at the maximum speed due to the unfavorable frequency dependence of several loss terms. As noted in Section I, important loss components in the copper, iron, and magnets all increase as the square of the excitation frequency, further compounded by the presence of harmonic frequency components in the currents and magnetic fields.
B. Iron Losses
Iron losses in the stator and rotor laminations are divided into hysteresis and eddy current losses, representing the two key loss mechanisms. These losses are modeled using the well-known Steinmetz equations [5] with loss coefficients for the hysteresis and eddy current terms that are derived from Epstein tests performed on core material samples.
As noted in Section I, the fractional-slot stator windings give rise to spatial MMF and magnetic field distributions in the airgap that include both subharmonics and harmonics of the synchronous frequency which is determined by the machine pole count. For the prototype 10-pole FSCW-SPM machine designed for this investigation, the fifth spatial harmonic component (period = 2π/5 mech. rad) of the airgap magnetic B field is the synchronous component responsible for torque production.
The fundamental spatial component (period = 2π mech. rad) of the airgap B field is a sub-harmonic of the synchronous frequency that causes iron losses in the machine. The machine design optimization including the choice of double-layer windings reduces the fundamental component to improve the efficiency. The higher-order harmonics in the airgap magnetic field have lower amplitudes, but their high frequencies amplify their contributions to the iron losses, particularly at high speeds.
Due to the wide stator teeth, the teeth-tips serve as spatial filters that remove much of the harmonic content from the magnetic flux flowing in the bodies of the stator teeth and yoke. As a result, the stator back-emf waveforms are surprisingly sinusoidal with low harmonic content. Consequently, it is the teeth-tips that bear the brunt of the harmonic magnetic field content, leading to a concentration of iron losses. Teeth-tip iron losses are challenging to model due to the presence of many different harmonic frequencies combined with the non-uniform distribution of the magnetic flux within the teeth-tips.
Teeth-tip losses are modeled [6] using a combination of closed-form solutions and conformal mapping techniques. The effect of the rotor magnet flux on the teeth-tip losses is modeled using closed-form solutions of Laplacian equations for the flux density in the airgap and stator iron. Magnetic saturation is incorporated using iterative techniques to solve for the permeability of the iron based on the magnetic field density within the teeth-tips. The effect of armature reaction on the teeth-tip losses is modeled using conformal mapping. The relative amplitude of the eddy current losses compared to the hysteresis losses gradually increases with speed due to the squared-frequency dependence of the eddy current losses. The impact of spatial harmonic flux components on iron losses is also amplified at high speeds because of this squared-frequency dependence.
C. Magnet Losses
It has been noted in Section I that the eddy current losses in the rotor magnets can be significant due to the direct exposure of the magnets to the airgap magnetic field. Loss calculations are based on the closed-form solutions developed by Atallah [7] . Magnet segmentation provides an effective technique for reducing the magnet losses as illustrated in Fig. 3 for circumferential segmentation. It has been shown that segmentation in both the circumferential and axial directions contributes to reducing the magnet losses by reducing the maximum area of the loop currents in the magnet blocks. Each rotor pole in the prototype machines consists of 18 magnet blocks arranged in a 6x3 array with six circumferential segments and three axial segments.
D. Copper DC and AC Proximity Losses
The dc copper losses in the machine are comparatively low due to the nature of the concentrated windings with their short end turns. With an appropriate choice of wire gauge for the winding, conventional ac skin effect and its attendant losses can also be controlled to low levels. However, opportunities for significant amounts of ac losses in the windings still exist at high speeds due to proximity effects that can take a variety of forms [12] , depending on the details of the winding configuration.
With the prototype machine excitation frequency reaching 1.16 kHz at maximum speed, proximity losses in the stator windings have to be considered. In surface PM machines, it has been shown [8] that these proximity losses can raise the ratio of ac to dc copper losses by ratios of 5 or higher if special preventive steps are not taken. The two dominant components of proximity losses in the machine are the strand- Ratio of total wire losses including strand proximity losses to the dc loss vs. AWG wire gauge at max. exc. frequency of 1.16 kHz level and the bundle-level losses, and the two most important excitation sources that generate these losses are the rotating rotor magnet flux and armature reaction effects caused by the ac phase currents [12] . Strand-level proximity losses are caused by circulating currents inside the individual wire strands. One of the most effective techniques for reducing the strand-level proximity losses is to use higher-gauge wire that provides a smaller wire cross-sectional area for Faraday's Law to act on for generating the internal strand voltages and circulating currents. Fig. 4 shows the predicted decrease in the ac to dc loss ratio at maximum speed made possible by increasing the wire gauge in the absence of bundle-level proximity losses.
In contrast, the bundle-level proximity losses are caused by circulating currents among different strands within each bundled wire turn. Multi-strand random-wound bundles with no transposition (i.e., twisting) have been shown by Mellor [8] to be vulnerable to high proximity losses. The bundle circulating currents that cause these losses have been investigated by Reddy [9] using a combination of finite element and analytical models [11] . This analysis predicts that the ratio of the ac to dc losses for un-transposed winding turns consisting of 20 paralleled strands of AWG 18 wire in the stator slots of the prototype machine can rise to approx. 9:1, due primarily to the bundle-level proximity losses. Since the end turns do not experience these proximity losses, their presence has the effect of reducing the net ac to dc loss ratio for the entire winding to approx. 5.8:1 for the un-transposed winding at maximum speed.
One of the most effective but expensive approaches to minimizing the proximity losses in a high-speed ac machine is the adoption of litz wire for the stator windings. Litz wire combines the advantages of small wire cross-sectional area and wire transposition by using high numbers of paralleled strands with high wire gauge (e.g., 325 strands of AWG 30 wire) in highly-transposed configurations. That is, litz wire typically consists of multiple bundles in which the strands in each individual bundle are twisted, and the multiple bundles are twisted as well. This high level of transposition can The wire adopted as the baseline for this prototype machine falls between the extremes of random-wound un-transposed wire bundles and litz wire in terms of bundle losses. More specifically, the winding turns consist of a moderate number of paralleled wire strands that are twisted in a single bundle (e.g., 20 strands of AWG 18 wire). The pitch of the transposed wire bundle (i.e., the length over which the bundle makes a full 360° transposition) has an average value in the vicinity of 55 mm, compared to a slot length of 73.4 mm.
The proximity loss models have been used to estimate the effectiveness and impact of the three alternative wire configurations in the prototype machine. The details of these three wire configurations are summarized in Table IV . Fig. 5 provides predictions of the ac to dc loss ratio for the three wire configurations as a function of rotor speed. The predicted values are for a complete phase winding, including the impact of the end turns discussed above.
The differences between the loss ratios of the three wire configurations become quite striking for speeds above 5000 r/min. At the maximum speed of 14,000 r/min, the predicted ac to dc loss ratio for the un-transposed wire winding is nearly 6:1. In contrast, the corresponding value for the litz wire is very close to unity, demonstrating the effectiveness of litz wire in suppressing ac loss effects up to the maximum machine speed. The transposed wire alternative falls in between these two extremes, but it is important to note that its ac to dc loss ratio at maximum speed is predicted to be approx. 2:1, signifying performance that is closer to that of the litz wire than to the un-transposed wire alternative.
The predicted impact of the ac winding losses on the predicted machine efficiency for the three wire alternatives is displayed in Fig. 6 . These curves are plotted for partial-load efficiency when the machine is delivering 20% of its rated torque (20.8 Nm) at all speeds. Here again, the differences between the three cases increase significantly as the rotor speed increases. The efficiency degradation for the litz wire alternative reflects the impact of the frequency dependence for the iron and magnet losses because the litz wire protects the windings from any loss increase as indicated in Fig. 5 .
While the predicted efficiency with litz wire drops by almost 5% due to iron and magnet losses when the speed increases to 14,000 r/min, this efficiency drop increases to more than 8% when un-transposed wire is used in the stator windings. That is, the incremental efficiency drop is nearly 3% compared to the litz wire efficiency because of ac losses in the un-transposed wire. In contrast, the maximum-speed efficiency drops by less than 6% when transposed wire is used, representing a much smaller incremental drop of 0.8% due to the ac winding losses in the transposed wire.
E. Efficiency Enhancement using Current Vector Control
The machine efficiency is influenced by the choice of operating point that, in turn, determines the relative amplitudes of the iron, copper, and magnet losses at any speed. Since the torque production in a surface PM machine is determined by the q-axis component of the stator current, it has been shown that adjustment of the d-axis current can be used to maximize the SPM machine efficiency during operation at elevated speeds [13] . Figure 7 illustrates the basic principles of this technique by plotting the predicted losses of the prototype machine as a function of the negative d-axis current when delivering rated power (30 kW) at 14,000 r/min. High-speed operation with zero d-axis current minimizes the copper losses, but the iron losses typically dominate the total machine losses under these conditions. By raising the negative d-axis current amplitude while holding the q-axis current and torque constant, the magnetic flux density in the machine can be reduced. As a result, the iron losses are reduced more than copper losses are raised over a limited range of negative d-axis current. The total loss curve in Fig. 7 reaches its minimum when i d is in the vicinity of -40 Arms, maximizing the machine efficiency at this operating point. The predicted loss breakdown vs. speed under the influence of the partial-load efficiency algorithm is shown in Fig. 8 . The core losses are the dominant losses in the machine up to a speed in excess of 10,000 r/min. The majority of the core losses occur in the teeth-tips of the machine while the teeth and the yoke losses are minimized by the partial-load efficiency algorithm. At maximum speed, the magnet losses are the dominant component of the losses.
IV. PROTOTYPE MACHINE FABRICATION
The adoption of segmented stator poles makes it possible to fabricate the machine stator using a modular construction approach. Each stator tooth is formed from an individual stack of laminations as shown in Fig. 9 .
A tongue-and-groove architecture is used at the yoke interfaces between adjacent stator poles in order to improve the structural integrity of the combined stator assembly. Each tooth is wound tightly with its stator winding before the stator teeth are assembled into their annular configuration. Since the stator winding is double-layer, the stator winding is continuous on each pair of stator teeth. A view of one of these stator tooth pairs showing the double-layer windings for one of the stator phases is shown in Fig. 10 . Six of these stator tooth pairs are required to build the complete stator. A series of 12 bolts extend through notches in the stator laminations along the outer yoke periphery centered behind each stator tooth. A rigid ring is mounted on each end of the stator stack to capture the bolts in order to provide structural integrity to the complete stator assembly.
The rotor assembly uses a laminated rotor core with ten flat surfaces to mount the segmented bread-loaf magnets. The magnets are high-strength NdFeB magnets that are segmented both circumferentially and axially as discussed in Section III in order to minimize the opportunities for eddy current losses in the magnets. After gluing the magnets in place and filling the inter-magnet regions with a nonstructural filler material, carbon fiber banding is tightly wound around the rotor outer periphery to provide the required structural containment at high rotor speeds. A view of the final rotor assembly is provided in Fig. 11. V. EXPERIMENTAL RESULTS The prototype FSCW-SPM machine built using transposed wire in its stator windings is being tested on a laboratory dynamometer using a voltage-source PWM inverter combined with a synchronous-frame current regulator that provides the capability of independently controlling the d-axis and q-axis currents, i d and i q . While the current regulator is a secondary topic in this paper, Fig. 12 is included to give interested readers access to some of the key internal waveforms for this current controller. The phase currents, phase and dc link voltages, shaft torque, and thermocouple temperatures at various points in the machine are measured under steady-state operating conditions.
It is important to note that, for this testing, the two pairs of adjacent stator poles that are designed to be connected in parallel for each machine phase were instead connected in series to improve the compatibility of the machine and the available test inverter. As a result, all back-emf voltage values must be halved and the current values in the torque production tests must be doubled in order to determine their corresponding values in the parallel-connected machine.
A. Machine Parameter Characterization Tests
One of the first tests conducted on the machine after it was mounted on the dynamometer was to investigate its opencircuit back-emf waveforms in order to evaluate its magnet flux linkage characteristics in comparison with predictions. Table V Table V results. The back-emf waveform is dominated by its fundamental component with the third harmonic as the only other significant harmonic component. Since this third harmonic is a zero-sequence component, it does not induce any harmonic currents or ripple torque if the machine is excited in a floating-wye configuration.
Other key machine characteristics that serve as key electromagnetic signatures include the q-and d-axis flux linkages. Figure 14 shows a sample of these results, providing a comparison of the measured and FE-predicted qaxis stator flux linkage λ q curves as a function of i q with i d =0.
The measured q-axis flux linkage is higher than the predicted value by 10 to 15% for rated i q conditions, resulting in higher q-axis inductance L q values compared to the FE predictions. Expected contributing factors to the discrepancy include the end-turn leakage flux that was not included in the analysis. 
B. Prototype Machine Performance Characteristics
Testing of the prototype machine is under way to explore its performance characteristics over a wide range of operating conditions, but the testing is only partially complete at the time of this writing. One of the important machine performance metrics is its torque production characteristics. Figure 15 provides a plot of the measured torque produced by the series-connected machine as a function of i q with i d as a parameter. The measured torque vs. current curves match the FE-predictions quite well. Focusing on the rated torque point, the measured curves indicate that approx. 113 Apk is required for i q when i d =0. The FE-predicted value of i q for the same rated torque operating point is 115.6 Apk, matching the measured value within 3%.
The family of curves in Fig. 15 for increasing values of negative d-axis current demonstrates that the machine is, as expected, vulnerable to moderate cross-saturation effects because of the aggressiveness of its magnetic design to achieve high power density. Closer inspection of the tightlypacked curves in Fig. 15 indicates that the torque in the vicinity of its rated value (103 Nm) is lowered by approx. 5% as the value of negative i d is increased from 0 to -70 Apk. The measured efficiency of the prototype machine as a function of i q for a family of negative i d values is shown in Fig. 16 for operation at the corner-point speed, 2800 r/min. The measured efficiency of the machine is >96% at the rated power conditions of 102 Nm that occurs with a q-axis current of approx. 113 Apk. The measured efficiency at rated torque remains above 96% for all of the tested d-axis current values. These promisingly high efficiency values are consistent with the predictions derived from the developed loss models.
Increasing values of negative Id
Under partial-load conditions (20% rated torque = 20.5 Nm) at 2800 rpm, the required i q is approx. 51 Apk and the measured efficiency is between 93 and 94%. This value is lower than expected and below the requirement of >95%. An investigation is under way to evaluate this result more closely.
A preliminary test of the control algorithm to boost the efficiency under partial-load conditions was conducted in the prototype machine at 2800 r/min, and the measured results are shown in Fig. 17 . At this low speed, the results indicate that the efficiency is raised by increasing the negative i d only for low values of i q . This is not surprising since iron losses are much lower at this speed than near the maximum speed of 14,000 r/min. These preliminary low-speed results provide a basis for optimism that the control algorithm will become increasingly effective as the testing moves to higher speeds.
VI. CONCLUSIONS
The prototype FSCW-SPM machine described in this paper is serving as a very important means of demonstrating that high-performance surface PM machines can be designed to meet the demanding requirements of electric traction machines. At the same time, the machine is also serving a valuable role in exposing areas in which established models are not fully capable of predicting the machine's operating characteristics. This is particularly true in the area of losses in high-speed PM machines where considerable attention is being focused in this investigation. Although much progress has already been made, considerable additional work remains to develop the machine's full potential and to learn all of the important lessons that it offers to persistent investigators. 
